ABSTRACT The solution structure and dynamical properties of the potassium-stabilized, hairpin dimer quadruplex formed by the oligonucleotide d(G 3 T 4 G 3 ) have been elucidated by a combination of high-resolution NMR and molecular dynamics simulations. Refinement calculations were carried out both in vacuo, without internally coordinated K ϩ cations, and in explicit water, with internally coordinated K ϩ cations. In the latter case, the electrostatic interactions were calculated using the particle mesh Ewald (PME) method. The NMR restraints indicate that the K ϩ quadruplex has a folding arrangement similar to that formed by the same oligonucleotide in the presence of sodium, but with significant local differences. Unlike the Na ϩ quadruplex, the thymine loops found in K ϩ exhibit considerable flexibility, and appear to interconvert between two preferred conformations. Furthermore, the NMR evidence points toward K ϩ -stabilized guanine quartets of slightly larger diameter relative to the Na ϩ -stabilized structure. The characteristics of the quartet stem are greatly affected by the modeling technique employed: caged cations alter the size and symmetry of the quartets, and explicit water molecules form hydration spines within the grooves. These results provide insight into those factors that determine the overall stability of hairpin dimer quadruplexes and the effects of different cations in modulating the relative stability of the dimeric hairpin and linear, four-stranded, quadruplex forms.
INTRODUCTION
The modeling of experimentally verifiable molecular structures often entails a number of hurdles. Quadruplexes in particular offer a uniquely difficult set of challenges, as many factors have been found to influence their structure. The type of stabilizing cation has long been associated with preferences for certain gross structural forms, determining whether a structure consists of four parallel strands, or one to two folded ones, in which some of the strands run antiparallel to others (Hardin et al., 1992; Williamson, 1994) . The stabilization of specific structural forms, especially under biologically relevant concentrations of K ϩ and Na ϩ , is of critical importance, as quadruplex complexes are being increasingly chosen as lead compounds for pharmaceutical development (Bock et al., 1992; Cherepanov et al., 1997; Mazumder et al., 1996) .
Many studies have noted a correspondence between the size of the cation and the internal cavity between the quartet stacks, suggesting that cation coordination determines the stability and, perhaps, even the conformation (Guschlbauer et al., 1990; Hardin et al., 1991 Hardin et al., , 1992 Ross and Hardin, 1994; Sundquist and Klug, 1989) . Others point to the hydration of the cation as the determining factor (Hud et al., 1996) . In either case, the cation is a crucial component in the structure of these species, and the solvent is likely to be as well.
Typically, modeling of a DNA structure using NMR data does not involve the explicit treatment of solvent molecules, but relies instead on the experimental restraint set to embody all structure-influencing factors, and implicitly account for its presence. Similarly, the cations in such in vacuo simulations are usually considered only as neutralizing agents, but not as important influences on the structure; likewise, the hydration of the cation is not normally considered in determining the structure. Researchers working on accurate molecular refinement of quadruplex structures based upon NMR data should avoid making such assumptions.
The inclusion of cations in quadruplex molecular dynamics simulations is a unique challenge, because not only are the cations external to the molecule, but some are sandwiched within the stacked array of planar quartets and coordinate with the guanine bases. Although the exact location of the cations is unknown, there are some existing data concerning tightly bound cations. For example, in the crystal structure of the [d(TGGGGT)] 4 quadruplex, one sodium cation was associated with each interquartet region (Laughlan et al., 1994; Phillips et al., 1997) . Similarly, a recent solution study on the linear quadruplex [d(T-GGGG) ] 4 reported at least three tightly bound potassium cations (Hardin et al., 1997) . In agreement with this, 23 Na ϩ NMR studies (Deng and Braunlin, 1996) on the d(G 4 T 4 G 4 ) hairpin dimer quadruplex revealed 2 Ϯ 1 tightly bound Na ϩ ions within this three-quartet system, and corroborated the conclusion that K ϩ ions bind more strongly than Na ϩ ions. The only x-ray study on a K ϩ -stabilized quadruplex (also the d(G 4 T 4 G 4 ) hairpin dimer) revealed a single cation lo-cated between the central pair of quartets (Kang et al., 1992) . At this time, molecular modeling techniques do not provide a simple way to include the internal cations along with their occupancy probabilities. All prior NMR quadruplex structures were refined by ignoring these internal cations. Whereas our present in vacuo simulations do not include any coordinated cations, our solvated simulations include one full cation per quartet step, consistent with most of the solution data on tightly bound cations. In this way, a comparison may be made, providing insight into the effects of cation inclusion on both molecular stability and the ability of the resulting structures to satisfy NMR restraints.
When adjacent sites are thus occupied, the van der Waals surfaces of these cations are nearly touching each other, with neighboring cation centers at only ϳ3.5 Å separation (the same as the mean separation between the guanine quartets; Kang et al., 1992; Laughlan et al., 1994) . It is difficult to model strongly charged ions in such close proximity unless long-range electrostatic effects are handled very carefully. Without such a treatment of Coulombic forces, trajectories will be unstable, resulting in distorted molecular geometries. One method of accurately modeling the long-range electrostatic effects, and hence providing stable trajectories that include both water and cations, is to use the particle mesh Ewald (PME) summation method (Essmann et al., 1995; Ewald, 1921) , which has recently been included within the AMBER4.1 suite of programs (Pearlman et al., 1995) .
As this is the first known instance in which solvated, PME-MD has been used simultaneously with NMR restraints to achieve a refined molecular structure, it is important to compare this methodology with the standard methods described above. This method of NMR refinement shows promise as a means of achieving highly realistic molecular structures and dynamical properties. The approach taken in this work was to first incorporate the NMR restraints into in vacuo molecular dynamics simulations without coordinated K ϩ cations (non-PME)-as in the standard NMR refinement protocol-followed by continued refinement with simulations that include both explicit water and coordinated cations (using PME). This latter step has two parts. First, NMR restraints were imposed until the restraint energy appeared to converge (0.25-0.3 ns), followed by an unrestrained evolution period, during which the system was monitored to determine whether the NMR restraints were overconstraining the structure (0.45-0.5 ns). The ensembles of structures resulting from these independent trajectories were compared with the NMR data and to each other; the most probable set of structures, based upon the NMR data, was determined from each type of trajectory.
Because the goal of these simulations is the NMR refinement of the quadruplex structure using both solvent and coordinated cations, rather than a full characterization of the use of unrestrained PME-MD simulations, it was not necessary to perform very long trajectories. A time scale of ϳ0.75 ns (restrained and unrestrained) was chosen so as to balance the various requirements necessary for structure refinement, assessment of the stability of the trajectories, and adequate sampling of solvent density for investigation into effects of hydration. We note, however, that the unrestrained simulations were quite stable, and showed no trends that might suggest major structural changes at increased time scales.
From these simulations we derive important insights into the effects of water and cations on the NMR structure, as well as detail the causes of stability or flexibility within thymine loop structures, and their role in determining the overall stability of the molecular form. Quadruplex loops may be significant in other ways, as well, because they are involved in the association of the thrombin-binding aptamer with thrombin (Padmanabhan et al., 1993; Padmanabhan and Tulinsky, 1996) , and their roles in other biochemical interactions have yet to be determined.
MATERIALS AND METHODS

Sample preparation
The decamer d(GGGTTTTGGG), a generous gift from Dr. Corey Levenson, was synthesized and prepared as described previously (Scaria et al., 1992) . It was first purified by high-performance liquid chromatography using a triethyl ammonium acetate buffering system, and then dialyzed against 1 mM Tris (pH 7.5). This method of preparation avoids the use of either Na ϩ or K ϩ , and results in samples free of metal cations. After dialysis, 4 ml of the sample was lyophilized and resuspended in 400 l of 30 mM KCl, resulting in a 10 mM Tris (pH 7.5), 30 mM KCl solution. The sample was annealed after dilution with 4 ml of 2 H 2 O, by heating to 90°C, followed by cooling to room temperature over 30 min. It was then lyophilized and redissolved in 400 l of 99.996% 2 H 2 O. For experiments with exchangeable protons, the same procedure was used, except that after lyophilization, the sample was redissolved in 90% H 2 O/10% 2 H 2 O. Samples of the hairpin dimer quadruplex that were prepared in this manner were usable for ϳ48 h of 2D NMR experiments. After 48 h, NMR spectra showed evidence of a new, very different, slow-growing DNA species with significantly broader NOESY cross-peaks. As these new features were consistent with the greater correlation time of a much larger molecule, this new species was assumed to be a four-stranded, linear quadruplex. Circular dichroism spectra were consistent with a mixture of both types of quadruplexes. The linear quadruplex could be eliminated from the sample by another cycle of dilution, followed by annealing. This ensured that all 2D NMR studies discussed in this paper were performed only on samples consisting only of the hairpin dimer quadruplex, with no signs of the other kinetically unfavored species.
NMR spectroscopy
All NMR experiments were acquired at 500 MHz on a GE GN500 spectrometer, by the use of an Oxford Instruments magnet and a Nicolet 1280 computer. All 2D NMR experiments were performed at 20°C, except for NOESY experiments in 90% H 2 O/10% 2 H 2 O, which were recorded at 2°C and 13°C, as well as 20°C. A spectral width of 10 kHz was used for the 90% H 2 O/10% 2 H 2 O NOESY experiments, whereas 5208 Hz was used for the following 2 H 2 O experiments: NOESY, double-quantum-filtered COSY (2QF-COSY), and homonuclear Hartmann-Hahn (HOHAHA) (Davis and Bax, 1985) . A total of 4K complex data points were acquired for all 2D experiments, with 512 points in t 1 in all NOESY and HOHAHA spectra, and 800 points in t 1 for the 2QF-COSY spectra. In all experiments, 16 scans were accumulated for each point, with a 3-s delay.
All NOESY spectra were obtained in pure absorption mode with hypercomplex phase cycling and alternating block acquisition (States et al., 1982) , and time-proportional phase incrementation (Marion and Wuthrich, 1983) (Hore, 1983) ; the excitation maximum was set between the imino and aromatic regions (at ϳ9 ppm). For the HOHAHA experiment, a 90-ms coherence transfer time was used. All data were processed on Sun workstations with locally written software. Data were apodized with either a Gaussian function with Ϫ7 Hz line-broadening and a shift of 20% for resolution enhancement, or a squared sine-bell function shifted by 45°, and were zero-filled to a final size of 4K ϫ 2K.
Proton spin-lattice relaxation times T 1 were measured by the inversionrecovery method, employing a 180°composite pulse, with a repetition time of 30 s (Freeman et al., 1980) . Spin-spin relaxation times, T 2 , were determined by the Hahn spin-echo method.
Measurement of NOE cross-peak intensities
NOESY cross-peaks were assigned as described previously (Keniry et al., 1995; Strahan et al., 1994) . Most peak volumes were determined by integrating the theoretical Gaussian fit to the peak of interest (Kneller, 1992) . This method makes possible the deconvolution and integration of overlapping peaks. Volumes of the corresponding peaks on both sides of the diagonals were compared and averaged; if the intensity differed by more than twofold, then the more reliable value was determined by the goodness of the line fit. Low-intensity, nonoverlapping cross-peaks, having only a few data points, were integrated by an ellipsoid "boxing" method, which yields more reliable results in such cases. In this way, 500 -630 cross-peaks were integrated within each of the NOESY spectra.
Quantitative NMR analysis
Interproton distances were estimated from integrated cross-peak intensities with the MARDIGRAS program ). This program is based upon evaluation of the complete relaxation matrix. It incorporates all network relaxation and multispin effects, and provides reliable estimates of distances involving methyl protons (Liu et al., 1992) . MARDIGRAS calculations were performed on integrated NOESY cross-peak data from all NOESY spectra (mixing times 90, 150, and 220 ms), using a range of correlation times between 2.0 and 3.5 ns. For each NOE peak, maximum and minimum restraint bounds were calculated, which were used for the molecular dynamics simulations. Because the spectral quality of the data obtained with a mixing time of 150 ms was superior to that obtained with the other two times, its integrated intensities were given greater weight in the final determination of restraint bounds. In all, 313 restraints were reliably derived from all of the NOESY spectra analyzed with MARDIGRAS.
As the orientation and placement of the strands could not be immediately discerned from a simple qualitative analysis of the NMR spectra, MARDIGRAS calculations were initially performed on a variety of different orientations. As described previously (Keniry et al., 1995; Strahan et al., 1994) , these structural variants were generated by modifying the x-ray structure of [d(G 4 T 4 G 4 )] 2 , as obtained from the Brookhaven Protein Data Bank (file name 1D59) (Kang et al., 1992) . These MARDIGRAS calculations converged to nearly identical interproton distances, indicating that the resulting set of 313 NOE-based restraints was essentially structureindependent.
As described previously (Keniry et al., 1995; Kim et al., 1992) , the NOESY-based distance restraint set was augmented by secondary backbone restraints. These were used only to ensure physically reasonable structures during the in vacuo simulated annealing portion of the molecular modeling, and were removed during the in vacuo equilibration period to avoid overbiasing the structure with less reliable data. The secondary restraints were based on an analysis of the sum of the H4Ј J-couplings (⌺J H4Ј ϭ J H4Ј-H3Ј ϩ J H4Ј-H5Ј ϩ J H4Ј-H5Љ ϩ J H4Ј-P ), H3Ј J-couplings (⌺J H3Ј ϭ J H3Ј-H2Ј ϩ J H3Ј-H2Љ ϩ J H3Ј-H4Ј ) and linewidth analysis; where the experimental data were incomplete, comparisons with both the Na ϩ form of the quadruplex and normal B-form DNA were used to provide approximations.
General molecular modeling methods
All energy minimization and molecular dynamics calculations were performed on a cluster of Hewlett-Packard HP-735 computers using the AMBER 4.1 suite of programs (Pearlman et al., 1995) , with standard database files for partial charges and force field as previously reported (Cornell et al., 1995) , except as noted below for the cations. Both the in vacuo and solvated simulations consisted of a brief simulated annealing protocol, followed by equilibration and evolution periods. NMR-derived restraints were used during both the in vacuo and first 0.25-0.3 ns of the solvated simulations, but were completely turned off for the remainder of the solvated simulations. The restrained molecular dynamics calculations made use of a pseudo-energy force field for the NOE-derived distance restraints having the form of a square well with parabolic sides. The width of the flat part of the well was derived from output of the MARDIGRAS program and was dependent on the agreement of the experimental and converged MARDIGRAS cross-peak intensity and on the signal-to-noise ratio (Liu et al., 1992) . Secondary structure and backbone torsion angle restraints, determined from J-coupling data, were also used (with a similar pseudo-energy force field) for the simulated annealing portion of the in vacuo simulations; but they were not necessary during any portion of the solvated simulations and hence were not used (see below).
In vacuo restrained molecular dynamics
Preliminary quadruplex structures were neutralized by surrounding them with 18 pseudo-hexahydrated Na ϩ counterions placed 5 Å from the backbone phosphate groups. Each of these counterions has a molecular weight equal to the sum of one Na ϩ ion and six H 2 O molecules (131 amu), an effective radius (r*) of 5 Å (half the internuclear distance at the energy minimum), and a potential well depth (e) at r* of 0.1 kcal-mol Ϫ1 (Pearlman et al., 1995) . These in vacuo calculations did not include any internally coordinated cations. The electrostatic energy was evaluated using the distance-dependent dielectric function, ⑀ ϭ R ij , to mimic bulk solvent screening effects. Anomalous model building artifacts were removed from each of these structures by a combination of steepest descent and conjugate gradient energy minimization, followed by molecular dynamics simulations without restraints at a temperature of 10 K for 20 ps.
This was followed by restrained conjugate gradient energy minimization (rMIN) and in vacuo restrained molecular dynamics (rMD) simulations. These simulations were performed for 50 ps with a time step of 1 fs. All atoms within a 20-Å radius were included in nonbonded interactions, and during these initial simulations all bond lengths were constrained to their equilibrium values by the SHAKE algorithm (Ryckaert et al., 1977) . Translational and rotational motions were removed every 50 fs. Initial velocities were assigned to a Maxwellian distribution at 10 K, with distance restraint force constants set to 1 kcal/mol-Å. The molecule was heated to 550 K, with NOE distance force constants concomitantly increased to 30 kcal/mol-Å over 10 ps. These conditions were maintained for 10 ps, after which the temperature and restraint force constants were reduced over 10 ps to 300 K and 20 kcal/mol-Å, respectively, then kept at these conditions for the remaining 20 ps.
During this annealing protocol, the secondary backbone torsional restraints were monotonically increased along with the temperature, from 0 kcal/mol-radian 2 to 50 kcal/mol-radian 2 , then held steady during the hightemperature phase of the protocol, followed by a monotonic reduction back down to zero while the temperature was simultaneously lowered from 550 K to 300 K. The temperature was maintained by the Berendsen coupling algorithm (Berendsen et al., 1984) with separate solute-solvent and solvent-solvent coupling constants of 0.2 ps and 0.05 ps, where the pseudohexahydrated cations represent the external hydrated K ϩ .
In these in vacuo simulations (per standard NMR refinement procedure; Schmitz and James, 1995) , the hydrogen bonds within the guanine quartets were reinforced by 24 distance restraints and 24 angle restraints, the force constants of which were always half the strength of the NOE distance restraints (see above). Coordinate sets were saved every 0.2 ps for each MD run, and the final 5 ps was averaged and energy minimized. Independent trajectories were achieved with the use of different initial random seeds for setting the Maxwellian distribution of velocities (Brahms et al., 1992) .
Molecular dynamics simulations in water
Three in vacuo quadruplex structures satisfied the NMR restraints nearly equally well, and their coordinate sets were used for further refinement via solvated molecular dynamics simulations. For these solvated, PME MD simulations, the 18 pseudo-hexahydrated Na ϩ cations that were employed in the in vacuo rMD simulations were replaced by 18 explicit K ϩ cations; 16 of these K ϩ were placed in the solution near the phosphates of the DNA backbone, while the remaining two were sandwiched between the quartets of the in vacuo quadruplex structures at the approximate positions of those (central-quartet) coordinated cations, which have been observed in x-ray structures (Kang et al., 1992) . The values of r* and e were chosen (1.93 Å and 0.1 kcal-mol
Ϫ1
, respectively) in accordance with the parameterization of K ϩ by Ross and Hardin (1994) . Each of the three K ϩ -DNA, solute-plus-counterions systems was immersed in water boxes 9 Å larger than the quadruplex molecule, with a final size of 50 Å ϫ 45 Å ϫ 45 Å and consisting of 2766 TIP3P water molecules. The system was minimized with positional and NMR NOESY restraints to hold the DNA in place during a series of energy minimizations and restrained dynamics simulations . The force constant strength of the positional restraints was serially decreased to facilitate the systematic equilibration of the water-DNA system, and the NMR NOESY restraints helped maintain its fit to the experimental data. Whereas the in vacuo simulations required artificial reinforcement of the quartet hydrogen-bonding to maintain the integrity of the structure throughout the simulations by avoiding spurious high velocities (e.g., localized hot spots), the solvated PME-MD simulations were extremely stable without these artificial restraints, and hence they were not used. Similarly, the use of explicit solvent negated the need for repulsive restraints, as well as secondary structure, backbone torsion angle restraints (see discussion above).
Each structure was then reannealed by a protocol similar to that described in the in vacuo section, to allow the model to simultaneously adjust to both the NMR NOESY restraints and the presence of water and K ϩ ions. The system was heated to 500 K and kept there for 5 ps, while the NMR restraint force constants were held at 30 kcal/mol-Å 2 and then cooled to 300 K, while the force constants were reduced to 10 kcal/mol-Å 2 . After equilibrating at 300 K, the system was maintained at that temperature for an additional 0.25-0.3 ns, until the restraint energy appeared to be equilibrated. Then the NMR NOESY restraints were monotonically decreased over 20 ps to a final force constant strength of 0 kcal/mol-Å 2 . To determine whether the ensemble of NMR restraints overconstrained the structure, and to provide sufficient sampling of the solvent for hydration analysis, the simulations were continued for 0.45-0.5 ns without restraints. SHAKE (Ryckaert et al., 1977) was applied to all bonds involving hydrogen atoms. The pressure of the system was 1 atm, and the temperature was maintained by the Berendsen coupling algorithm (Berendsen et al., 1984) , with separate solute-solvent and solvent-solvent coupling constants of 0.2 ps for each. An integration time step of 2 fs was used, and the nonbonded pair list was updated every 10 steps.
These explicit solvent rMD simulations were performed by the particle mesh Ewald (PME) summation method developed by Essmann et al. (1995) for calculating Coulombic interactions; this evaluates the full electrostatic energies within a unit cell in a macroscopic lattice of infinitely repeating images. The PME grid spacing was ϳ1.0 Å; it was interpolated on a cubic B-spline with the direct sum tolerance set to 10
Ϫ5 . The Lennard-Jones interactions were subjected to a 9-Å cutoff.
The current implementation of PME within AMBER4.1 neglects the imaging of atoms in NMR restraints, causing severe, artificial molecular distortion when a portion of the molecule wanders out of the periodic box and wraps to the other side. To alleviate this, the molecule was centered in the box, and a weak, 2-kcal/mol-Å 2 positional restraint was arbitrarily placed on one C4 atom in the central quartet. This not only circumvented the imaging artifact, but also negated the growth of center-of-mass velocities, which occurs as an artifact of the Berendsen coupling algorithm and incomplete energy conservation (Harvey et al., 1998) . This method was used even during the unrestrained simulations to maintain consistency. No structural aberrations resulted from this additional restraint.
The trajectories were analyzed using a variety of in-house scripts and CARNAL, a module of AMBER 4.1. Time-averaged structures were calculated with CARNAL, followed by a 100-step minimization, to restore the fast moving methyl protons to a realistic geometry without altering any other structural details, as indicated by a "before-and-after" all-atom RMS of nearly zero Å.
The ensemble of structures over the time course of the simulations was compared to experimental NMR intensities by using ensemble CORMA 5.01 and PARSE (Ulyanov et al., 1995) to select those coordinate sets from each MD simulation that together best satisfy the NMR restraints. In this way, coordinate sets from several trajectories can be combined to determine whether the NMR restraints are biased toward one type of conformation, or include a percentage of each.
The calculation of solvent and counterion distributions closely followed recently published methods (Cheatham and Kollman, 1997) in which the positions of interesting atoms (e.g., water oxygen atoms) are binned into (0.5 Å) 3 grids from 1-ps-interval trajectory frames, in which the DNA atoms have been RMS coordinate fit to the initial structure. This "binning" was performed over the entire ϳ0.75 ns of the solvated PME MD simulations, including both the NMR restrained and unrestrained segments. Each grid element, therefore, is a summation over time, representing the frequency with which the center of a particular atom type (e.g., water oxygen) occurs within the grid element. These grids were contoured using the density delegate of UCSF MidasPlus (Ferrin et al., 1988) . Assuming bulk water density, the calculated number of water molecules expected per grid element, for 750 frames, is 3.14. In the graphics of water oxygen atoms, the contouring of the water oxygen density was performed at 9.0 hits/0.5 Å 3 , or approximately three times the expected bulk water density.
RESULTS AND DISCUSSION
Previous studies on the quadruplexes formed by [d(G 3 T 4 G 3 )] 2 in Na ϩ versus K ϩ have noted important differences in their chemical shifts and NMR NOESY contacts (Keniry et al., 1995; Smith et al., 1994; Strahan et al., 1994) . Table 1 lists the nucleotide proton chemical shifts determined for the nonexchangeable protons in the
Only the nonexchangeable data were quantified and incorporated into the various molecular dynamics simulations to produce refined structures. However, the qualitative aspects of the exchangeable data were critical in the final analysis of the correct geometry.
Initially, many different quadruplex structures were generated, each with different folding patterns, but consistent with preliminary experimental evidence (Scaria et al., 1992) . To determine which folding pattern best fit the NMR data, restrained molecular dynamics simulations were performed, and those models that could not reasonably satisfy the NOESY distance requirements were excluded from additional consideration. NMR distance restraints were applied to the various model structures via in vacuo energy minimization and 50 ps of molecular dynamics simulations using the annealing protocol described and the AMBER 4.1 suite of programs. High-restraint violations allowed for the exclusion of several models, but the qualitative information obtained from the exchangeable 1 H NMR data singled out one of the models as being the only one capable of explaining all of the information, as described previously for the Na ϩ -stabilized quadruplex (Keniry et al., 1995) . Four independent, in vacuo, restrained molecular dynamics simulations were performed, starting with the best-fitting model and using different sets of random initial velocities. These improved in vacuo simulations resulted in a family of closely related structures; their general folding topology is depicted in Fig. 1 . These structures varied the most in the conformations of their thymine loops, which stretch across the diagonal of the outermost guanine quartets. The general arrangement of the strands and positions of the deoxyguanosine glycosidic bond angles were the same as those found in the Na ϩ -stabilized structure described elsewhere (Keniry et al., 1995; Smith et al., 1994; Strahan et al., 1994) . The sequential arrangement of the syn (S) and anti (A) deoxyguanosines is strand 1: G1 S -G2 S -G3 A -T4-T5-T6-T7-G8 S -G9 A -G10 A strand 2: G11 S -G12 A -G13 A -T14-T15-T16-T17-G18 S -G19 S -G20 A .
It is interesting that these two strands are identical in nucleotide sequence, yet, when brought together, prefer a molecular topology that is asymmetrical, as observed in the sequential arrangement of guanosine glycosidic bond angles. In principle, an exchange should occur between these two strands, but no evidence for this has been observed.
The guanine quartet stem regions of the structures resulting from the four in vacuo rMD simulations appeared qualitatively similar, and had an average, pairwise, heavy-atom root mean square deviation (RMSD) (not mass-weighted) of 0.78 Å. The thymine loops exhibited visually significant differences within their stacking arrangements; their inclu- sion in the calculation increased the pairwise RMSD to 1.18 Å. Each of the two loops per complex is able to adopt two different types of conformations, satisfying two different subsets of NMR restraints. Only a few restraints appeared to be unique to each subset, whereas the other restraints worked together with the subsets in a concerted manner (see below). These two conformations are hereafter referred to as "quartet stacked" when either thymine 7 or 17 is directly stacked over some portion of an outermost quartet, and "unstacked" when thymine 7 or 17 is pointing outward into solution, with its methyl group roughly stacked over thymine 5 or 15 (see Fig. 2 ). The two thymine loops were capable of adopting similar conformations, suggesting that most of the molecular asymmetry is localized in the quartet stem.
To clarify the influence of cations and solvent on both the quartet stem and loops, the simulations were continued by using both explicit H 2 O molecules and internally coordinated, or "caged," K ϩ cations. Three of the refined in vacuo structures were chosen for these studies. One structure had both loops in a "quartet stacked" conformation, the second structure had one loop "quartet stacked" and the other one "unstacked," and the third structure had both loops "unstacked." These three structures defined three trajectories, A, B, and C, respectively. Two explicit K ϩ cations were positioned by visual inspection between the three quartets, in the approximate position previously determined by x-ray studies (Kang et al., 1992) . The models were then immersed in water boxes (as described in Materials and Methods) and energy minimized with NMR restraints and PME. This was followed by an annealing protocol (30 ps), 20 ps of equilibration, and 0.25-0.3 ns of restrained MD with PME (these trajectories are henceforth termed rA, rB, and rC). This was continued as unrestrained, solvated, PME-MD simulations for an additional 0.45-0.5 ns (termed uA, uB, and uC). It should be noted that MD simulations on these solvated molecules without PME, using the standard AMBER 4.1 electrostatic cutoffs (Pearlman et al., 1995) , resulted in unstable trajectories, wherein extreme molecular distortion occurred before 100 ps.
The ensembles of structures generated by each of the simulations were analyzed independently and as groups, and divided according to whether or not they were performed in vacuo or solvated with PME-MD, and whether or not they utilized NMR restraints. Thus the solvated PME-MD simulations were analyzed as two "cross-simulation ensembles." Group 1 consisted of rA, rB, and rC, and Group 2 consisted of uA, uB, and uC. In addition to RMSD comparisons of the time-averaged structures from each trajectory, the PARSE algorithm (Ulyanov et al., 1995) was used to identify the fewest number of structures within each cross-simulation group that best fit the NMR NOESY data; it calculated the relative probabilities of the identified structures and produced a "best-fit" ensemble. How well each trajectory and "PARSE" ensemble satisfies the NMR NOESY data was evaluated by calculating the standard and sixth-root R factors with CORMA 5.01. The low R-factor values found in Table 2 indicate that all of the groups of structures are generally in good agreement with the NMR data, but in vacuo and solvated structures differ in important details, especially the hydrogen bonding and hydrophobic regions in the loops, and hydration spines along the quartet stem (see below).
Although the restrained in vacuo structures fit the NMR data reasonably well (Table 2) , their R factors reflect the fact that static models cannot adequately account for the observed conformational variations and flexibility, nor are the NMR restraints alone sufficient to properly adjust the structure for the presence of water molecules and coordinated cations. The reliability of these in vacuo structures is also compromised by structural anomalies in the quadruplex stem and thymine loops. The inclusion of explicit water and caged K ϩ cations in the PME-MD simulations removes these anomalies (see below), and conformational sampling over longer solvated, restrained PME-MD trajectories can produce ensembles of structures with R-factors smaller than those of the in vacuo simulations. The "PARSE" crosssimulation, solvated PME-MD ensembles have improved interresidue R-factors because they consist of a series of selected structures (along with their probabilities) that cover an optimal range of conformations that best fit the NMR data, and thus better approximate the real solution ensemble. Hence the real structures in solution, as measured by NMR, are likely to be a mixture of the conformations sampled by these ensembles.
Coordinate averaging over each trajectory produced timeaveraged structures for both the restrained (rMD) and unrestrained (uMD) sets of simulations. These structures can be compared to each other by calculating their pairwise RMSD. The time-averaged structures from the restrained FIGURE 2 Stereo images of the two possible loop conformations, with contoured regions of calculated water density higher than average (3ϫ). The loop in A depicts T17 "quartet stacked" over the outermost quartet, whereas T15 forms the top of a triangle consisting of T14, T15, and T17. The calculated water density is localized just outside of the front of this triangle. The loop in B depicts T17 "unstacked," partially protruding into the solvent, and with its methyl group resting over T15. The hydrogen bonding acceptor and donor groups of T15 are pointing downward toward the region of high water density, which, in turn, is stabilized by interactions with the K ϩ ion in the cavity of the quadruplex stem. T16 is behind T17 in B, which obscures it from view, and hence it is not labeled. simulations (rA, rB, and rC) differ from each other by an average pairwise RMSD of 0.98 Å (SD ϭ 0.13), when all heavy atoms are considered (not mass weighted), whereas the time-averaged structures from the three unrestrained simulations (uA, uB, and uC) differ from each other by an average of 1.16 Å (SD ϭ 0.18). The pairwise RMSD is reduced almost by half when only the stem guanines are considered, consistent with the structural variability of the thymine loops: the pairwise RMSD (stem only) between the time-averaged structures for both the rMD and uMD simulations is 0.66 Å (SD ϭ 0.15 and 0.16, respectively). (For these analyses, simulation rA had to be considered as two parts, rA1 and rA2, because the conformation of the T4 -T7 loop changed after ϳ100 ps from quartet stacked to unstacked. Simulation rA2 was continued as the unrestrained simulation uA2 or, simply, uA.)
Releasing the NMR restraints from the trajectories produced time-averaged structures that drifted an average of 1.37 Å (SD ϭ 0.12) away from the corresponding timeaveraged, restrained structures. Two-thirds of this drift was due to subtle changes in the quadruplex stem, which drifted an average of 1.01 Å (SD ϭ 0.16) as it relaxed. The remaining third of this drift resulted from changes within the loops as they interacted with the solvent and coordinated K ϩ ion. Most of this drift occurred during the first 100 ps after removal of the restraints, after which the trajectories remained very stable. This drift consists of a complex set of slight movements of the model structure away from a representation of the ensemble-averaged, NMR structure in solution, and toward that of a single structure.
All of the solvated, PME-MD simulations, even unrestrained, remained remarkably close to the distances calculated from the NMR data. The average deviation of the interproton distances within the rMD trajectories from the calculated closest distance boundary, as determined by MARDIGRAS and based upon the NMR data, was 0.10 - The molecular modeling refinement process more heavily weighted the superior integrated intensities of the 150-ms spectrum (see text). *The restrained segment of trajectory A was analyzed in two segments (rA1 and rA2) because of an important conformational change that occurred during the simulations (see text). As a result of the conformational change, trajectory segments rA2 and rB are structurally very similar, as are uA2 and uB.
0.15 Å. The gradual complete removal of the NMR restraints (over 20 ps) perturbed the system, producing a transitional period of less than 100 ps, during which the average of the distance deviations from the closest NMR boundary was 0.22-0.30 Å. After this transitional period, however, all three trajectories settled down to an averaged distance deviation of 0.17-0.25 Å.
The quadruplex stem
Whereas the exchangeable proton NOESY spectra of the Na (Keniry et al., 1995 ) had many assignable cross-peaks, the corresponding spectra of the K ϩ form had fewer (even at 2°C), and those that were observed were very broad. Similarly, the K ϩ stabilized quadruplex had fewer interresidue G(H8)-G(H8) NOESY contacts compared to the Na ϩ stabilized structure (data not shown). These spectral differences can be attributed to the size of the coordinating cation and the extent to which the quadruplex guanines can contract around it, affecting the orientation and strength of the hydrogen bonds (Ross and Hardin, 1994) .
In the quadruplex structure, the size of the internal cavity is a crucial parameter that influences the helical parameters, groove widths, and backbone angles; it is within this cavity that the cation resides. The size of this cavity is best evaluated by the interquartet distance (or quartet rise, which is calculated as the distance between the geometric centers of the adjacent planes; Schultze et al., 1994) and the O6-O6 distances for guanine bases located diagonally across from each other in the same quartet. These parameters vary significantly, depending on the use of restraints and the inclusion of internally coordinated K ϩ ions. The average interquartet rise for the S-S/A-A quartet step (see Fig. 1 ) is 3.37 Å in the restrained in vacuo simulations that lack internally coordinated K ϩ ions. The use of "caged" K ϩ ions increases this distance by ϳ0.2 Å to 3.55 Å for both restrained and unrestrained solvated, PME-MD simulations. However, the average S-A quartet step (Fig. 1 ) distance remains essentially unchanged by the use of caged K ϩ ions, changing from 3.36 Å to 3.39 Å. The inclusion of caged K ϩ causes the inner diameter of all of the quartets (as measured by the intraquartet, diagonal O6-O6 distance) to decrease by an average of nearly 1 Å.
This decrease in the inner quartet diameter is less significant, perhaps, than the change that occurs in the shape of the quartet. All structures generated by in vacuo simulations with NMR restraints and lacking internally coordinated cations (both those described in this work, as well as in our earlier work on the Na ϩ -stabilized form; Keniry et al., 1995) contain asymmetrical quartets in which the average diagonal intraquartet O6-O6 distance is ϳ5.7 Å in one direction, but ϳ4.7 Å in the perpendicular direction. The inclusion of the caged K ϩ helps reduce this asymmetry. The restrained, solvated simulations (rA1, rA2, rB, and rC) with caged K ϩ exhibit nearly symmetrical external quartets (ϳ4.6 Å in both dimensions), but the central quartet remains asymmetrical (ϳ3.8 Å and ϳ5.8 Å); in contrast, the unrestrained, solvated simulations with caged K ϩ (uA2, uB, and uC) produce three almost perfectly symmetrical quartets (ϳ4.3 Å in both directions) similar to those found in the x-ray structure of [d(TGGGGT)] 4 (Laughlan et al., 1994) .
The average "twist" of the quartets (calculated as the angle between the vectors from the C1Ј coordinate and the geometric center, in two adjacent planes; Laughlan et al., 1994) appears to be correlated with the interquartet distance, or quartet rise. The S-S/A-A quartet step changes more significantly with the modeling protocol than does the S-A quartet step. The in vacuo simulations produce structures that have a S-S/A-A quartet step with an average twist angle of 26°(SD 3°); the restrained, solvated simulations with caged K ϩ (rA1, rA2, rB, and rC) have an average S-S/A-A quartet step twist angle of 22°(SD 5°), and the unrestrained, solvated simulations with caged K ϩ (uA2, uB, and uC) have an average S-S/A-A twist angle of 25°(SD 3°). By comparison, the S-A quartet step in the in vacuo simulations has an average twist angle of 20°(SD 3°) and barely increases to 23°(SD 3°) for both the rMD and uMD simulations in solution with caged K ϩ . Solvation effects may be important influences on these twist values, as there is a region of higher than normal water concentration at this S-A quartet step, which is not present at the S-S/A-A quartet step (see below). Considering the manner in which the twist parameter is calculated, its value is also influenced by the relative positions of the C1Ј atoms and hence may be affected by the increased quartet symmetry when caged K ϩ ions are used in the solvated PME-MD simulations.
As with previous solution studies of dimeric hairpin quadruplexes, all of the simulations described here indicate that the quadruplex formed in the presence of K ϩ has three different groove widths. These grooves also demonstrate variability depending on the conditions of the simulations, as shown in Table 3 , although no clear pattern is discernible.
Solvation of the DNA phosphate groups and guanine amino groups, as well as the attraction of water to the caged K ϩ ions, can combine to produce well-defined water spines in the grooves, which in turn are important influences on groove widths, backbone angles, and hence the helicoidal structure. Fig. 3 shows stereo views of the average structures from the last 0.3 ns of trajectories uA2, uB, and uC. Also displayed in this figure are regions of greater than average water density. The water box was divided into (0.5 Å) 3 grid boxes, and each occurrence of a water oxygen atom within a grid box was summed over the entire time course (ϳ0.75 ns) of restrained and unrestrained simulations in solvent (Cheatham and Kollman, 1997) . The resulting grids can be considered as water probability maps depicting local regions of greater than normal water concentration. In this figure, these water density maps are contoured to reveal those regions where water molecules reside about three times more frequently than expected at normal, bulk water concentration. The presence of these areas of high water probability suggests that water spines form within most of the grooves.
One region of calculated high water concentration occurs in medium groove 1 at G2, where the phosphate and sugar oxygen atoms form a "cage" around water density that has accumulated near the G2 and G20 amino groups in the S-A quartet step (Fig. 4) . The water appears to be attracted to this region of the molecule, because these amino groups lie next to each other, providing more opportunities for hydrogen bonding than can be found in other steps, such as in the All distances are between phosphorus atoms separated by one quartet step, regardless of whether a closer phosphorus atom exists (see Discussion). Values in parentheses are standard deviations. *To improve statistics, the distances from the time-averaged structures within each trajectory were averaged with those from the same modeling category. # Measured from the model by Keniry et al. (1995) . Because only one model was measured, no standard deviation statistics could be determined.
FIGURE 3 Stereo views of the average structures from the last 0.3 ns of trajectories uA2, uB, and uC (A, B, and C, respectively), along with contoured regions of calculated greater than average (3ϫ) water density. Besides those loop regions with greater than average water density, close inspection reveals several regions within the grooves of the quadruplex stem.
S-S/A-A quartet step, which does not stabilize a water density pocket. An inwardly bent phosphate group partially shields these waters from the bulk of the solvent, producing the most stable of all of the water-binding sites in these simulations-it is present in all simulations and most of the time steps. This inwardly bent phosphate group is suggested by the restrained in vacuo simulations, but becomes more clearly defined in the presence of water. Interestingly, neither of these last two features can be correlated with unusual backbone torsions-the backbone torsions for all simulations are generally very comparable to those previously published (Keniry et al., 1995 ; backbone torsions are available from the authors upon request). Another region of higher than normal calculated water concentration is associated with an unusually short phosphorus-phosphorus distance between G9 and G19 in the smallest groove-a distance of 2-3 Å, depending on the model, after subtraction of 5.8 Å for the combined radii of the phosphorus atoms. This structural feature is observed in all [d(G 3 T 4 G 3 )] 2 quadruplex structures determined to date, regardless of whether the simulations were performed in vacuo or in solvent, or whether restraints were used, or whether those restraints were measured from solutions containing K ϩ or Na ϩ (Keniry et al., 1995) . The present simulations in water offer an explanation for this short distance, as the O5Ј of G19 appears to be interacting with water molecules that are stabilized between it and the amino group of the same guanine, thus bending the phosphate group toward the middle of the groove. The crystal structure of [d(G 4 T 4 G 4 )] 2 (Kang et al., 1992 ) also had phosphate groups that were rotated inward to form hydrogen bonds with guanine amino protons, but the crystal structure gave no evidence of the presence of mediating water molecules.
Loop conformation and flexibility
The K ϩ quadruplex stacks T5 over T4, which is, in turn, stacked over G3. This general stacking pattern is similar to that found in the Na ϩ form of the [d(G 3 T 4 G 3 ) 2 ] quadruplex (Keniry et al., 1995) and the stacking interactions of hairpin loops with duplex DNA stems (Haasnoot et al., 1986 (Haasnoot et al., , 1987 . However, in the unstacked K ϩ loop conformation, the T5 base is not parallel to the quartets, but is instead tilted downward to establish water-mediated hydrogen bonding interactions with the cation.
In all of the loop conformations for the K ϩ quadruplex, the NMR NOESY data indicate that T6 is stacked over the first guanine of the other strand (the nonsequential G11, as shown in Fig. 5 ). Its methyl group points inward to establish a hydrophobic pocket with T4 and T5, and its hydrogen bonding groups point outward into the solution-this is the exact opposite of what was determined from the NMR data of the Na ϩ -stabilized structure (Keniry et al., 1995) . These differences may result from a comparatively shallower loop in K ϩ , as it stretches across a wider diagonal (see below). Our initial interest in the loops of this structure arose from the observation that several intraresidue NOESY cross-peaks relating to T7 and T17 are broader than any other similar cross-peaks. Examples include the broad H6-methyl NOE contacts (Fig. 5 ) and the weak H6-H1Ј contacts FIGURE 4 Medium groove 1 between G2 and G20, where the phosphate and sugar oxygen atoms form a kind of cage around higher than average (3ϫ) water density which has accumulated around the amino groups in the S-A quartet step. The phosphate group partially shields these waters from the bulk of the solvent.
FIGURE 5 The aromatic-methyl proton region of the 150-ms NOESY spectrum of [d(G 3 T 4 G 3 )] 2 in 10 mM tk;4Tris (pH 7.5), 30 mM KCl at 20°C. Cross-peaks are observed between T6(methyl)-G11(H8) and T16(methyl)-G1(H8), indicating that these thymine bases stack over the first guanine of the other strand. Also observed is a somewhat greater linewidth for the T7 and T17 intraresidue H6-methyl cross-peaks, suggesting that these residues sample a wider range of local environments. at 7.51 and 6.12 ppm in figure 2 B of our earlier study (Strahan et al., 1994) . Significantly, all related intraresidue cross-peaks in the COSY and NOESY spectra are similarly affected. Only thymine protons exhibited these spectral qualities, and the linebroadening of these T7 and T17 protons appears to be temperature dependent, although this was not quantitated. These are all indications of a fast exchange between two or more conformations in the loop.
As noted earlier, the initial in vacuo restrained simulations also pointed toward two major, NMR-detectable conformations of the loop regions, and on this basis, representative structures were chosen for the solvated MD simulations with PME. These loops adjust to the presence of water and coordinated cations in a number of ways. By closely following previously published methods (Cheatham and Kollman, 1997) , we were able to discern the probability of water oxygen atoms as a function of time around these different loop structures. Fig. 2 provides stereo images of the two loop conformations with their associated water density probabilities. (The discussion that follows applies to both loops in the molecule, even though only one loop may be explicitly mentioned.) Fig. 2 A depicts the stacked loop conformation of the T14 -T17 loop in which the T17 base is stacked directly over the outermost quartet. This conformation has several stabilizing factors: hydrogen bonding is suggested between T14 and T17, and a hydrophobic pocket is formed by the methyl groups of T16 and T17, which point toward each other, and is sandwiched between the T15 sugar and the quartet. It is unclear whether the hydrogen bond is an independent, stabilizing factor, or a consequence of the condensation of the bases around K ϩ , which is also a stabilizing influence. Throughout the time course of these simulations, the tight contraction of thymines around the K ϩ prevented water from entering the interiors of the stacked loops, unless a loop changed its conformation (see below). Instead, the water molecules have their greatest probability just outside of the loops, where the O4 of T14, T15, and T17 are all in close proximity, suggesting a watermediated hydrogen bonding network external to the loop.
The K ϩ structures in unstacked conformations do not have similar hydrophobic pockets, but have water-mediated interactions with the nearest caged K ϩ cation. Fig. 2 B displays an "unstacked" loop conformation in which T17 is tilted such that its methyl group is stacked above the T15 aromatic base, and most of T17 is exposed to the solvent, where it accesses a wide range of positional variants. The unstacked conformation also has an open central site within the loop, allowing water molecules to enter as they attempt to hydrate the cation. A range of one to three water molecules is observed to occupy this cavity, preferring the position directly above the K ϩ . Even though each of the starting structures for each of the three trajectories was well equilibrated with the NMR restraints via in vacuo MD simulations, one of the loops in simulation "rA" underwent a significant conformational change ϳ100 ps into the restrained PME-MD simulation in water: the T4 -T7 loop converted from a "quartet-stacked" conformation (as in Fig. 2 A) to an "unstacked" conformation (as in Fig. 2 B) .
This conformational change occurred with negligible alterations in the NMR restraint violations. As depicted in Fig. 6 , the violations of some restraints are counterbalanced by improvements in others: this change causes the NMR restraint distance for T6(H6)-T7(C5) to switch from being stable at ϳ4 Å to being stable at ϳ6 Å (Fig. 6 B) , whereas the T5(H2Љ)-T7(C5) restraint distance changes in a nearly exactly opposite manner. This unstacking of T7 allows 1-3 water molecules to enter the interior of the loop, where they are stabilized by hydrogen bonding to T5 and electrostatic attractions with the caged K ϩ . These water molecules inhibit reversion to the stacked conformation during the studied time scales, but T7 continues to sample a range of positions (Fig. 6 A) .
How well do these two loop conformations satisfy the NMR restraints? Are they equally probable in solution? The FIGURE 6 Time-dependent distances demonstrating how the T4 -T7 loop in trajectory A transforms from "quartet stacked" to "unstacked" while satisfying the NMR restraints nearly equally well in both conformations. (A) At ϳ100 ps, T7 moves away from the outermost quartet, as measured by the distance between the C5 methyl and G3(O6), which resides close to the center of the quartet. (B) An NMR NOESY cross-peak of mediumweak intensity is seen between T6H6 and T7 methyl; initially this restraint is satisfied, but it is violated after the conformational change. (C) A medium-weak intensity NMR NOESY cross-peak was observed between T5(H2Љ) and T7(methyl); initially this restraint is violated, but it is usually satisfied after the conformational change. The vertical line at 300 ps indicates the point at which restraint force constants were set at zero. calculation of both standard and sixth-root R-factors for an ensemble of structures is one way to determine how well a set of structures fit the NMR data. The structures from the last 100 ps of trajectories rA1, rA2, rB, rC, uA2, uB, and uC were individually analyzed via the CORMA program to determine the R-factors for each trajectory. Then all of the structures from trajectories rA, rB, and rC were combined and analyzed as group 1, and those from uA, uB, and uC were combined and analyzed as group 2. Instead of calculating overall, cross-ensemble R-factors for these two groups, the PARSE algorithm (Ulyanov et al., 1995) was used.
PARSE analysis selected 11 structures from the rMD-PME trajectories (group 1); within this set, there is a calculated probability of 77% that any given loop will be in an unstacked conformation, and a 23% probability that it will be in a stacked conformation. Of those loops in the stacked conformation, however, 19% will involve the T4 -T7 loop, and 81% will involve the T14 -T17 loop. Similarly, 12 structures were chosen from the unrestrained PME-MD simulations (group 2), with 76% of the loops calculated to occur in unstacked conformations and 24% in stacked conformations. Because trajectory A converted its loop conformation, there were no unrestrained structures with the T7 residue stacked over the quartet. However, 49% of the T14 -T17 loops are calculated to be in the stacked conformation. These percentages are sensitive to a great many parameters, but they clearly establish that stacked and unstacked conformations coexist in significant numbers.
The distribution of loops in the stacked conformation can also be inferred directly from the NMR data. At 2°C, a set of guanine imino protons was observed to have NOE contacts with both the H6 and methyl protons of T7, as well as with its sugar protons. A similar set of contacts was also observed to involve the protons of T17. Because these imino protons participate in the hydrogen bonding within the outermost G-quartets, these observations amount to the direct observation of "quartet-stacked" T7 and T17 bases. The T7 imino proton NOE cross-peaks were nearly identical in intensity to those of the corresponding T17 imino proton cross-peaks (data not shown), indicating that the population of molecules with T7 stacked over the guanine quartet should be nearly equal to the population with T17 stacked. This result differs quantitatively from that of the PARSE analysis above, probably because of the conversion of the T4 -T7 loop from stacked to unstacked, hence reducing the sampling of structures with this characteristic.
We conclude that the unstacked population is likely to be slightly larger than the stacked population, and that the two loops have approximately the same probabilities of exploring the two conformations. On the time scales that we have investigated, the presence of water seems to prevent conversion from unstacked to stacked, but may help conversion from stacked to unstacked. However, in the absence of restraints, all solvated conformations are stable for at least 0.5 ns without any significant conformational changes (data not shown).
Comparison of K
؉ and Na ؉ loop structures Both of the loop conformations found in these studies with K ϩ are different from the compact loop conformation previously determined for the Na ϩ -stabilized structure (Keniry et al., 1995) . The NMR restraint data indicate that these two molecules differ in the details of their hydrophobic and hydrogen bonding interactions. However, the most singularly important difference between them, based solely upon the NMR data, is the existence of multiple loop conformations in the K ϩ stabilized structure, but not in the Na ϩ structure (Keniry et al., 1995) . One rationale for this and the other differences is based upon the size of the cation; as noted by others (Ross and Hardin, 1994) , the smaller size and greater charge density of the Na ϩ ion may cause greater contraction of the DNA bases around the cation, limited by steric and geometric requirements. This suggests that with the smaller radius of the sodium ion (Na ϩ : r* ϭ 1.39 Å versus K ϩ : r* ϭ 1.93 Å; Ross and Hardin, 1994) , the system may try to shrink to optimize coordination with sodium cations and thereby eliminate one of the possible loop conformations. The Na ϩ quadruplex, being restricted in its range of motion, has insufficient room for the T7 (or T17) thymine to form transient hydrogen bonds with T4 (T14); nor can it form a hydrophobic pocket between T6 and T5. Instead, the Na ϩ T6 forms a hydrogen bond with T4. Hence the multiple conformations in the K ϩ form may be due to the comparatively larger ionic radius of the cation, which exerts fewer positional constraints on the thymines in the loop.
Comparative stability of the K
؉ and Na
؉ hairpin quadruplexes
Our NMR results do not provide a quantitative measure of the effect of different monovalent cations on the thermodynamic stability of the two hairpin quadruplex structures. However, some significant qualitative differences between the K ϩ and Na ϩ stabilized forms were observed. As noted above, several days after the addition of KCl to a solution of d(G 3 T 4 G 3 ), broad lines began to appear in the NMR spectra. Circular dichroism studies (data not shown) suggested that this new species was the linear, four-stranded quadruplex, which can efficiently stack end to end, giving rise to broad NMR peaks. In contrast, no signs of linear quadruplex species have been observed in the presence of NaCl. Similar observations of related oligonucleotide sequences have been reported by others (Balagurumoorthy et al., 1992) .
These results can be explained in terms of kinetic or equilibrium differences. As the linear quadruplex form has not been observed in NaCl after extended incubation times, differences in the equilibrium properties are most likely involved. That is, in the presence of NaCl, the free energy difference, ⌬⌬G°, between the hairpin dimer and linear, four-stranded quadruplex forms is sufficiently large that the equilibrium is dominated by the former, leading to solutions in which only the hairpin dimer species occurs in detectable concentrations. In the presence of KCl, however, ⌬⌬G°is significantly smaller, such that detectable amounts of each are observed at equilibrium. The kinetics of forming the four-stranded quadruplex are much slower than for the hairpin dimer structure; hence the latter forms initially in KCl, while several days at NMR concentration are required to develop the former, and thus establish true equilibrium conditions.
These differences in ⌬⌬G°between quadruplexes in K ϩ -versus Na ϩ -containing solutions may arise from differential effects of these cations on either the hairpin or the linear quadruplex forms, or both. Our present studies provide one explanation in terms of differential cation effects on the hairpin dimer species. As pointed out earlier, the larger size of the quartets stabilized by K ϩ provides greater loop flexibility, resulting in a weakening of the loop-stabilizing interactions. This may lead to a lower overall stability of the hairpin dimer form in the case of K ϩ and, correspondingly, a smaller ⌬⌬G°between hairpin dimer and linear quadruplexes in KCl compared to NaCl. In accord with this hypothesis, separate experiments carried out in NaCl solution in which the loop constituents of d(G 3 T 4 G 3 ) were modified (substituting C for T) revealed that the relative amounts of hairpin dimer and linear quadruplex species formed are highly dependent on the loop sequence (Keniry et al., 1997) .
Although differences in cation hydration may affect the relative stabilities of the Na ϩ and K ϩ forms of the hairpin dimer [d(G 3 T 4 G 3 )] 2 quadruplexes, as proposed recently (Hud et al., 1996) , it is unlikely that they can explain the observation that only hairpin dimer quadruplexes are formed in Na ϩ , whereas both hairpin and linear structures are formed in K ϩ . Furthermore, because signals from a linear, four-stranded quadruplex structure were not observed in the titrations of Hud et al. (1996) , those experiments involved a kinetically blocked system rather than true equilibrium populations.
CONCLUSIONS
We have evaluated the dynamics and high-resolution structural features of the [d(G 3 T 4 G 3 )] 2 quadruplex in K ϩ solution, characterized its major differences with the previously determined Na ϩ -stabilized structure (Keniry et al., 1995) , determined the probable regions of hydration (i.e., the grooves and the interiors of the loops), and assessed factors contributing to the stabilization of linear versus folded quadruplex structures. NMR data were incorporated into the refinement of the K ϩ stabilized structure via molecular dynamics simulations in which explicit water molecules and coordinated cations were included, and the long-range electrostatic interactions were treated by the particle mesh Ewald summation method.
The use of solvated PME-MD for NMR structural refinement proved to be a great asset, because a detailed analysis was desired for a system in which both cations and solvent play important stabilizing roles. These simulations produced reliable structures that are superior to those from restrained in vacuo simulations, as they account more accurately for conformational flexibility, reduce structural anomalies, and provide insights into the effects of water and cation on the structures by defining better molecular structure in regions that are hydrophilic. In addition, the Rfactors reveal that the NMR restraints are also somewhat better satisfied by the solvated PME-MD, over the in vacuo simulations.
Although the extent of cation occupation is still unanswered, the present studies clearly indicate the importance of their inclusion when these species are modeled. The fact that K ϩ and Na ϩ stabilize different structural preferences (linear versus folded quadruplexes) may be partly due to the more stable and tightly structured loop found in the presence of Na ϩ , compared to the flexible loops found in the presence of K ϩ , these latter being correlated with the larger quartet diameter and cation size of K ϩ .
